The definition of bitumen wax has been formulated to facilitate the distinction between harmful wax and less harmful or non-harmful. Since exact behaviour of waxes within bitumens is not completely determined and the absence of cooperative study related to modification of bitumens involving different amounts of waxes, the values found in the study are thought to be useful in determining which content of wax and type of polymer would be better for the needs of petroleum refineries in different countries. The scope of this study is to minimize the negative effects of waxes within bitumens obtained from different sources. For this purpose, modified bitumen samples were prepared by using different types of polymers such as elastomers, plastomers and polyethylene groups. Following the determination of the contents of wax by Differential Scanning Calorimetry and TS EN 12606-1, rheological properties of waxy bitumens and polymer modified bitumens (PMB) were evaluated using dynamic shear rheometer tests. The intermediate temperature performance levels of PMB were also determined by fatigue parameters. Besides, rutting performance of PMB was evaluated using Zero Shear Viscosity and Multiple Stress Creep Recovery tests.
Introduction
Almost all bitumen is obtained from crude oil by refining process but only certain crude oils contain good quality bitumen for asphalt pavement (Lyne, Wallqvist, & Birgisson, 2013) . Naphthenic-base crude oils often give a large amount of bitumen that may be in good quality, while paraffinic crude oils may give bitumen of good quality or yield bitumen that are not suitable for asphalt pavement (Edwards, & Redelius, 2003) .
Wax in bitumen has been referred as petroleum wax and is obtained from refining of paraffinic crude oils. The effects of wax on the properties of bitumen depend on the following factors: the source, chemical composition and rheology of the bitumen. There is a lack of literature reviews related to the effect of waxes on rheology and conventional properties of bitumen.
Waxes in bitumen are divided into two general categories such as macro-crystalline and micro-crystalline wax (Edwards, 2009) . Macro-crystalline wax also known as paraffin which crystallizes in large flat plates or needles. It refers to the group of n-alkanes with few or no branches (C20-C40) (Soenen et al., 2013) . The melting point of macro-crystalline paraffin waxes are around 50-70°C (Lu, Langton, Olofsson, & Redelius, 2005; Lu & Redelius, 2007) . On the other hand, micro-crystalline wax is collected in the bitumen fraction after the distillation process and mainly consists of naphthens and iso-paraffins as well as crystallizes as small microscopic needles. A micro-crystalline petroleum wax is characterized also by a less distinct melting area and its high average molecular weight giving higher viscosity compared to macro crystalline paraffin wax (Das, Kringos, Wallqvist, & Birgisson, 2013; Musser & Kilpatrick, 1998) .
Based on literature, the high content of wax affects the properties of bitumen in different ways. The low melting point of wax decreases resistance of asphalt mixtures against rutting at high temperatures (Lu & Redelius, 2006) . Physical hardening, poor ductility and poor bitumen adhesion can be listed as the outcomes caused by the high content of wax (Edwards& Redelius, 2003) .
The term "polymer" merely refers to very large molecules made by many chemically reacting small molecules to produce long chains (Becker, Mendez, & Rodriguez, 2001) . Polymer modified bitumen (PMB) has been developed by asphalt industry to fulfill the needs for making better pavements that exhibit better performance under loads due to high traffic applications. The use of PMB has become a very important part of pavement construction due to its superior performance, including less ageing, enhanced rutting resistance and lower fatigue cracking properties (Dubois, Mehta, & Nolan, 2014) . The most commonly used polymer for bitumen modification is the styrenebutadiene-styrene (SBS) followed by other polymers such as ethylene vinyl acetate (EVA) and polyethylene (PE) (Sengoz & Isikyakar, 2008) .
SBS block copolymers are classified as elastomers that increase the elasticity of bitumen. Elastomers derive their strength and elasticity from a physical cross-linking of the molecules into a three-dimensional network (Shirini & Imaninasab, 2016) . This is achieved by the agglomeration of the polystyrene end-blocks into separate domains, providing the physical cross-links for a three-dimensional polybutadiene or polyisoprene rubbery matrix. It is the polystyrene end-blocks that impart strength to the polymer and the mid-block that gives the material its exceptional elasticity (Whiteoak & Read, 2003) .When the polymer is added to the hot bitumen, the bitumen immediately starts to penetrate the polymer particles causing the styrene domains of the polymer to become solvated and swollen. Once this has occurred, the level of shear exerted on the swollen particle is critical if a satisfactory dispersion is to be achieved within a realistic blending time. Thus, high shear mixers are required to adequately disperse thermoplastic elastomers into the bitumen (Whiteoak & Read, 2003) .
EVA based polymers are classified as plastomer that modify bitumen by forming a tough, rigid, three-dimensional network to resist deformation. EVA copolymer is an irregular shaped thermoplastic material produced by copolymerization of ethylene and vinyl acetate. The properties of copolymer vary as the content of vinyl acetate increases (Gorkem, 2014) . Overall characteristics of the EVA copolymer are controlled by their molecular weight and the ratio of vinyl acetate. EVA copolymers can be easily dispersed in bitumen and provide a good compatibility (Gorkem, 2014) . The addition of EVA to the bitumen mix is not only used to improve the performance of pavement. It is also used in significant quantities in cold weather applications. EVA improves the workability of mixture because of its sensitivity against shear force and ability to be used with softer bitumen (Woolley, 1986) .
The polyethylene (PE) is a type of product normally not used as additive to bitumen, generally showing a congealing point of 92-100°C; it has been used in plastics and polishes, as thickener for lubricating oils and petrolatum and as paraffin wax improver/upgrader (Edwards, 2009) . PE is manufactured from natural gas derived feedstock by two basic polymerization processes. The low pressure polymerization process results in linear polymer chains with short side branches. The high pressure polymerization process results in polymer chains with more highly developed side branches. PE modified bitumen is less expensive as well as shows more resistance to ultraviolet aging and rutting (Zhu, Birgisson, & Kringos, 2014) .
Although the many significant researches which have been carried out related to the PMB in road applications, more studies should be undertaken on the compatibility and in the interaction between polymers and the different sources bitumens according to the needs of refineries in different countries. The main purpose behind this study is to minimize the negative effects of waxes within bitumens obtained from different sources. For this purpose; following the determination of wax contents of five types waxy bitumens obtained from two different countries, bitumen samples were modified by recommended content of three different polymers (SBS polymer at concentration of 3.2% by weight of the bitumen, EVA polymer at concentration of 1.4% by weight of the bitumen and PE polymer at concentration of 1.5% by weight of the bitumen). The effects of adding polymers into waxy bitumens have been acquired through rheological test methods. The upper critical temperatures used in performance grading (PG) system have been determined for each bitumen sample using G*/sinδ results from the dynamic shear rheometer (DSR) test (Soudani, Cerezo, & Haddani, 2016) . The effects of loading and temperature on the performance of the samples have been evaluated using G*/sinδ results from low (0.01 Hz) and high frequencies (10 Hz) loadings at five different temperatures (40°C-80°C). The intermediate temperature performance levels of PMB were also determined by fatigue parameters. Rutting performance of PMB samples has been evaluated using the zero shear viscosity (ZSV) and multiple stress creep recovery (MSCR) test performed in the creep mode. The results have been compared with base bitumen and PMB samples.
Metodology Materials
Five bitumens from two different sources (Turkey and Russia) were used in this study. The bitumen samples are identified as Bit TR and Bit R respectively. The general description of samples together with penetration grades are depicted in Table 1 . Since the bitumens are originated from different sources, their wax contents are different. Bit-TR1 was manufactured from crude oil deposited in the east part of Turkey. Russia (Bit-R1, Bit-R2 and Bit-R3) bitumens and Bit-TR2 were produced by the blending of crude oil from various sources by a manufacturer in Western Siberia and Middle Eastern countries respectively. Besides, a limited amount of air blowing was used to manufacture Bit-R1 during the refining process.
Among the polymer asphalt modifying agents, SBS styrene-butadiene-styrene) originally developed by LG Chemical Cooperation is widely used in the majority of the asphalt bitumen industry and probably the most appropriate elastomeric type of polymer for asphalt modification. Luprene LG® 501 is a thermoelastoplastic material which consists of linear styrene-butadiene-styrene block copolymer, highly viscous, oil-free. Luprene LG® 501 is used as bitumen modifier for improvement of the quality of PMBs used mainly for road pavements. The concentration of SBS used was 3.2% by weight of the bitumen. Appropriate amount of bitumen (500 g) in 500ml graduated beaker was heated in the stove at 170°C to become fluid enough and then placed under the laboratory type mixer (Sengoz & Isikyakar, 2008) . SBS pallets were gradually added to the bitumen. The mixer was set at 800 rpm during 3 hours (mixing period). The mixture's temperature was maintained at 160±5°C during the mixing process (Sengoz & Isikyakar, 2008; Sengoz, Bagayogo, Oner, & Topal, 2017; Topal et al., 2018) .
The EVA (ethylene vinyl acetate) polymer used was Elvaloy® 4170 (1.4% by weight of the bitumen) supplied in pellet form by DuPont, USA. Elvaloy® 4170, which contains butylacrylate 20% by weight and glycidyl methacrylate 9%by weight, have proved themselves as good plastomeric type modifiers that reduce permanent deformation and thermal cracking. When bitumen is modified with Elvaloy® 4170, the polymer amount has to be chosen carefully because an excessive quantity can cause the formation of an insoluble bitumen gel. The modifications were done using laboratory type mixer set at 200 rpm during 2 hours Sengoz, Bagayogo, Oner, & Topal, 2017) . During the mixing process, the temperature of the mixture was kept at 180± 5°C.
The used PE (polyethylene)) was Titan® 7686 in white pellet form obtained from Honeywell company, USA. Titan® 7686 is created through the polymerization of ethylene. Titan® 7686 has low molecular weight and semi-crystaline structure. Addition of PE significantly improves the mechanical properties of bitumens. The concentration of PE used was 1.5% by weight of the bitumen. The mixer was set at 800 rpm during 1 hour (mixing period). The mixture's temperature was maintained at 150±5°C during the mixing process.
Test methods

Determination of the paraffin wax content based on European Standard Method EN 12606-1. The European
Standard EN 12606-1 is based on DIN 52015, a German method that is performed for determining the paraffin wax content of bitumen samples (Baldino et al., 2012; European Standard EN 12606-1, 2007) . The system includes a distilling system, an electric cooler, a thermo-regulator and compressor refrigeration.
Test procedure is performed on two portions for each of 25 g bitumen samples. The distillate from bitumen is obtained by a specified distillation process. The distillation unit is consisted of a distillation flask, a laboratory burner and erlenmeyer flask used as distillation receiver. The distillation takes place at very high temperatures (up to over 500°C) at which cracking of molecules may occur (Lu & Redelius, 2006) . On the second portion of the test procedure; the waxy distillate is dissolved in ether/ethanol (50/50, V/V) solvent and crystallized at -20 o C. The crystallized wax is obtained by filtration (European Standard EN 12606-1, 2007) .
Differential Scanning Calorimetry (DSC).
The crystallization or melting of waxes in bitumen causes an energy change. Both heating and cooling cycles can be utilized to investigate the presence of wax fraction in bitumen. The exothermic and endothermic effects during the cooling and heating scan generally represent the wax crystallization and wax melting respectively. Differential Scanning Calorimetry (DSC) method has been utilized to register thermal effects of waxes in bitumen through the cooling-heating cycles (ASTM D4419-90, 2015) .
In this study, thermal characterization was performed using DSC; Perkin Elmer-Diamond. Approximately 15 mg of bitumen samples is placed in an aluminium pan and sealed under nitrogen atmosphere. The bitumen sample is heated to +120°C and then cooled at 7°C /min to -50°C, followed by heating to +120°C at the same rate. DSC procedure is also used to determine wax content in bitumen. The DSC wax content of bitumen is calculated from an endothermic peak during the heating scan. For the calculation of percentage of wax in the bitumen, a constant melting enthalpy value of 121 J/g is used as a reference (Lu, Kalman, & Redelius, 2008) . A typical DSC diagram is presented in Figure 1 . Glass transition temperature, wax crystallization starting temperature and melting out temperature are also determined by DSC results. The glass transition temperature (Tg) which is defined as the half-vitrification temperature is midpoint of the transition region (Edwards, Tasdemir, & Isacsson, 2006) . The glass transition temperature obtained from the heating scan is more repeatable and easier to obtain in comparison to the cooling scan. From DSC, bitumen exhibits a kind of phase transition on cooling from high temperature and heating from the low temperature. The first transition has been considered as crystallization starting temperature (Tic) in cooling cycle. Besides, the new phase transition has occurred during the heating cycle. There is an endothermic reaction which is interpreted as the melting of the wax. Wax melting out temperature defined as Tfm is the end point of wax melting in bitumen .
Rheological test methods.
The dynamic shear rheometer (DSR) is used to describe the viscous and elastic behaviour of asphalt bitumen at medium to high temperatures (Santagata, Baglieri, Tsantilis, & Dalmazzo, 2012) . This characterization is used in the Superpave PG asphalt bitumen specification. The basic DSR test uses a thin bitumen sample sandwiched between two circular plates. The lower plate is fixed while the upper plate oscillates back and forth across the sample at 10 rad/sec (1.59 Hz) (or any other set frequency) to create a shearing action. DSR tests are conducted on unaged, RTFOT aged and PAV (pressure aging vessel) aged bitumen samples (ASTM D 2872 (ASTM D -12, 2012 ASTM D6521-05, 2005; Santagata, Baglieri, Tsantilis, & Dalmazzo, 2012; Soudani, Cerezo, & Haddani, 2016) .
The determination of complex rheological properties of bitumen is currently possible with the utilization of DS). Parameters most commonly tested in DSR include the bitumen complex shear modulus (G*) and phase angle (δ), tested in various temperature and frequency ranges. The complex shear modulus (G*) can be considered the sample's total resistance to deformation when repeatedly sheared, while the phase angle (δ), is the lag between the applied shear stress and the resulting shear strain. G* and δ are used as predictors of rutting and fatigue behaviours. Fatigue properties of bitumen can be evaluated by the fatigue factor at intermediate temperatures. The fatigue behaviour was investigated by applying continuous oscillatory shear loadings with using DSR. Early in pavement life rutting is the main concern, while later in pavement life fatigue cracking becomes the major concern. G*⁄sinδ is described as rutting indicating parameter and G*.sinδ as fatigue cracking indicating factor (Asphalt Institute, 2001 ).
The Superpave® specification parameter, G*/sin δ, was identified as the term to be used for high temperature performance grading of paving asphalts in rating the bitumens for their rutting resistance (Xiao, Hou, Amirkhanian, & Kim, 2016) . Although used for many years as a rutting parameter, it has been demonstrated that the relationship between G*/sin δ and rutting is poor. This term was found to be inadequate in describing the rutting performance of bitumens (Subhy, 2017) .
Zero Shear Viscosity (ZSV) is the viscosity measured in shear deformation at a shear rate approaching to zero. This parameter is an indicator for rutting related bitumen characteristics. It has been observed by researchers in the recent years, that the rutting parameter G*/sin δ is not very effective or failed to predict the rutting performance of bitumen (De Visscher, Soenen, Vanelstraete, & Redelius, 2004) . The determination of ZSV in this study is performed by the application of creep test using DSR. Static creep is defined as the slow deformation of a material measured under a constant stress. In the static creep test, a fixed shear stress is applied to the sample and the resultant strain is monitored for a predetermined amount of time (Xiao, Hou, Amirkhanian, & Kim, 2016; Gungor, & Saglik, 2012) . All of the samples were short-term aged using a RTFOT procedure. The ZSV of the samples have been predicted by application of creep test at 60°C (CEN/TS 15325, 2008) . The test geometry for the creep tests consisted of 25 mm parallel plates and the gap between the plates was 1mm. The stress level was 10 Pa for bitumen samples and each creep test was continued for 30 minutes.
Developments led to the existence of Multiple Stress Creep and Recovery (MSCR) test (Dubois, Mehta, & Nolan, 2014) . MSCR test was run on RTFOT aged samples in accordance to ASTM D7405-08 using the dynamic shear rheometer (ASTM D7405-08, 2008; Shenoy, 2008) . The ASTM standard procedure establishes the use of two stress levels (0.1 and 3.2 kPa), 1 s creep time, 9 s recovery time, and 10 creep-recovery cycles at each stress level. Anton Paar DSR with its parallel-plate geometry loading device and a control and data acquisition system were utilized for conducting the MSCR test in the present study. Specimens were tested using a 25 mm parallel plates and with 1 mm gap setting at temperature of 60 o C and at a stress of 100 and 3200 Pa. The tests were performed at the selected temperature using a constant stress creep of 1 second duration and a relaxation period of 9 seconds, for ten cycles at each stress level. Percent recoverable and non-recoverable components of creep compliance were determined at the end of 10 cycles (Shenoy, 2008) .
Results and discussions
Determination of wax content in bitumens through EN 12606-1 and DSC
Calculation of the wax content is based on the following formula based on European Standard Method EN 12606-1. Wax content is calculated as:
( 1) where P (m%) is wax content, mb (g) is the mass of specimen, m1 (g) is the total mass of distillated oil, m2 (g) is the mass of distillated oil for wax extraction and mw (g) is the mass of wax extracted (European Standard EN 12606-1, 2007) .
The crystallization or melting of waxes in bitumens involves energy change that can be easily determined by DSC. The results of the EN 12606-1 and DSC measurements are summarized in Table 2 in terms of wax content, crystallization starting temperature, wax melted out temperature and glass transition temperature . As indicated in Table 2 , bitumen samples from different sources exhibit different wax content based on DSC and EN 12606-1 methods. It is clearly seen that, EN 12606-1 method gives much lower values in wax contents as compared with DSC. It is believed that the high temperature (up to over 500 o C) distillation step in EN 12606-1 method may destroy the molecular structure of waxes (thermal cracking) (Edwards, 2009 ). The resulting smaller paraffin molecules could be soluble in ether/ethanol and do not crystallize in the solvent at the specified low temperature (-20 o C), leading to lower apparent wax content. These might be reasons for the low wax contents as determined by the EN 12606-1 method. The difference in wax content between the two tests may also be due to the solubility of wax in the bitumen providing unlike crystallisation/melting response in DSC. In fact, all the available methods used for determining wax content in bitumen only demonstrate relative results. Bitumen sample from Turkey (Bit-TR1) contains the lowest amount of wax compared to other bitumen samples according to EN 12606-1 and DSC methods . DSC has been widely applied to characterize the thermodynamics properties of bituminous materials. In cooling cycle, crystallization occurs at different temperatures which is interpreted as wax crystallization starting temperature (Tic). The transition continues down to the glass transition temperatures. In heating cycle, there is an endothermic reaction which is interpreted as melting of the wax. Wax melting out temperatures of bitumens is defined as Tfm. The temperature at which all wax is completely melted is considerably higher than the start of crystallization. This is due to the super cooling effect at cooling cycle. Effects of low temperature on bitumen properties are typically evidenced by the glass transition temperature (Tg). When temperature is lower than Tg, bitumens are glassy, hard and brittle, whereas for the temperature higher than Tg visco-elastic properties are exhibited. The transition continues down to the glass transition which can be seen at the lowest temperature (-21.65 o C) for Bit-R2. Consequently; Bit-R2, which includes average value of wax percentage, with the lowest value of Tg may have more resistance to low temperature cracking compared to other sources bitumens at a specific low temperature .
Rheological test results
This section includes the results of rheological tests applied on all of the bitumen samples obtained by the different sources. The results have been presented into three groups of Dynamic Shear Rheometer (DSR) test results, Zero Shear Viscosity (ZSV) test results, Multiple Stress Creep Recovery (MSCR) test results. The coefficient of variation (which is calculated as the ratio of standard deviation to mean value) related to rheological bitumen tests such as G*/sinδ, G*.sinδ, ZSV and MSCR varies between 0.59% and 1.85% indicating a reasonable consistency. The calculated variances indicate that the determined results of rheological tests vary in acceptable ranges.
Dynamic Shear Rheometer (DSR) test results.
In order to determine upper critical temperature used in performance grading (PG) system, un-aged and RTFOT aged specimens of bitumens containing different content of wax were subjected to oscillating shear in the DSR at the frequency of 10 rad/s (1.59Hz). The temperature cycles were set to start at 52°C for un-aged and 64°C for RTFOT aged samples an run up in 6°C increments. The upper critical temperatures (Tcrit) used in PG system were determined for each sample using the obtained G*/sinδ results and DSR specifications for PG bitumen. In PG system, the upper critical temperature is the temperature at which G*/sinδ = 1.0 kPa for un-aged bitumen, and G*/sinδ = 2.2 kPa for RTFOT aged bitumen (Asphalt Institute, 2001 ). The upper critical temperatures (Tcrit) for each sample modified with SBS, EVA and PE are presented in Table 3, Table 4 and Table 5 respectively. As presented in Table 3 -5, modifications of base bitumens containing different wax contents with SBS, EVA and PE increases the PG upper critical temperature (Tcrit). Higher Tcrit value is an indicator of higher resistance to permanent deformation. On the other hand, EVA polymer modified samples depicted the highest critical temperatures. Bit-TR2 containing the highest wax content has the lowest PG upper critical temperature for all modifications. There is no significant variation for Tcrit values of Bit-TR2 with modification process. However, the addition of polymers into bitumens containing low wax content changes Tcrit value of the modified bitumen appreciably.
All of the modified RTFOT aged samples including different contents of wax were subjected to oscillating shear in the DSR at low (0.01Hz) and high (10Hz) frequency levels at five different temperature cycles ranging from 40°C to 80°C with 10°C increment. The variation of G*/sinδ (rutting parameter) values of the modified samples with SBS, EVA and PE at low and high frequencies are presented in Figure 2-7 . As presented Figure 2-7; regarding all of bitumen samples, G*⁄sinδ values increase with decrease in temperature at both frequencies. An increment in G*⁄sinδ value indicates higher performance against rutting. Besides, as expected G*⁄sinδ values increase with an increase in frequency for all of the bitumen samples. This is due to the rheological behaviour of the bitumen since bitumen under shorter loading times (high frequency level) exhibit elastic behaviour (Whiteoak, & Read, 2003) .
As can be seen in Figure 2 -7, unmodified sample containing the highest wax content depicted the lowest G*⁄sinδ value at both high and low frequencies and at all temperatures. Besides; all of the polymer modified bitumen samples depicted higher G*⁄sinδ value than the base bitumens at both high and low frequencies and at all temperatures. However, SBS and PE modified samples exhibited greater G*⁄sinδ value as compared to EVA modified samples especially at high frequency level and at intermediate temperatures (40 o C and 50 o C).
Hence based on G*⁄sinδ values, it is found that modification of waxy bitumen and with SBS or PE resulted in improved rutting resistance performance at both low and high frequencies. Besides it is also found that modification of waxy bitumen with SBS has more pronounced effect against rutting compared to the modification with EVA polymer.
Temperature sweep test is performed under the strain controlled mode at a frequency of 10 rad/s (1.59 Hz.). The temperature cycles were set to start at 40°C within the PAV aged samples a run up in 3°C decrements. During the test procedure, an 8 mm diameter plate with a 2 mm gap between parallel plates was used for each PAV aged bitumen sample. There is a limiting maximum stiffness at the intermediate temperature to mitigate fatigue cracking. G*.sinδ values of PAV aged bitumen samples does not exceed 5000 kPa and low values of these parameters are considered good indicators of fatigue cracking resistance (Asphalt Institute, 2003) . Variation of the fatigue parameters (G*.sinδ) for PAV aged SBS, EVA and PE modified bitumens containing different contents of wax at different intermediate temperatures are illustrated in Figure 8 , Figure 9 and Figure 10 respectively. As depicted Figure 8 -10, regarding all of bitumen samples, G*.sinδ values increase with decrease in temperature at 10 rad/s. Owing to the aging, the lower G*.sinδ value indicates less shearing energy loss and better ability of the fatigue resistance (Ali, Mashaan, & Karim, 2013 The addition of SBS and EVA polymers into the base bitumens containing different contents of wax did not make any significant effect on the fatigue cracking properties on the samples. However, the limitation of 5000 kPa value is reached at Bit-TR1+PE, Bit-R1+PE, Bit-R2+PE and Bit-R3+PE which occur at the test temperature 13 o C as well as Bit-TR2+PE meets with specification limit at the temperature 19 o C.
Hence, modification process with PE depicted slightly improved fatigue cracking properties of waxy bitumens compared to SBS and EVA modifications that expresses the ability of the material to resist cracking at intermediate temperatures.
Zero Shear Viscosity (ZSV) test results. The zero shear viscosity (ZSV) results of all of the modified bitumen samples including different content of wax, determined by the utilization of DSR machine applied in creep mode are illustrated in Figure 11 . As illustrated in Figure 11 , samples containing low amount of wax yield higher ZSV value than other base bitumen samples. A higher ZSV value indicates higher resistance to permanent deformation under long-term loading. The ZSV values decrease with increasing in the content of wax in the unmodified (base) bitumen samples. Besides all of the modified bitumen samples exhibit higher ZSV values than the base bitumen samples. The increment is more obvious at 1.4% concentration of EVA into bitumens containing different wax content compared to SBS and PE modification processes. Modification with EVA yields the peak ZSV value in Bit-R1 samples.
Multiple Stress Creep and Recovery (MSCR) test results.
The percent recoveries (R), the non recoverable compliance (Jnr) at two different stress level of 100 Pa and 3200 Pa and stress sensitivity as well as the percent differences in non recoverable compliances (Jnr-diff) of the bitumens are presented in Table 6 .
As presented in Table 6 ; Bit-TR2 samples containing the highest content of wax have the lowest recovery at any of the stress levels which indicates that Bit-TR2 perform less rutting resistance than other unmodified samples. This can be due to the low stiffness and the low elastic behaviour of Bit-TR2 samples. The addition of polymer into bitumen samples containing different wax content depicted higher recovery at any of the stress levels. Higher percent recoveries indicate that the bitumen can recover a higher portion of its total strain at the end of each loadingunloading cycle, which is favourable to the resistance of the material to rutting. On the other hand; EVA modified bitumen samples exhibited the highest recovery values in comparison with SBS and PE modified bitumen samples. Similar conclusion may also be evaluated for the non-recoverable creep compliance (Jnr) values. Lower Jnr values indicates lower susceptibility of bituminous material to rutting. The percent differences in non-recoverable compliances (Jnr-diff) and the stress sensibility of the samples are also presented in Table 6 . This percent difference is a measure of the sensitivity of the bitumen to the increase in the stress level; therefore lower values are associated with a less stress sensitive material. The Jnr-diff and the stress sensitivity are low for EVA modified bitumen samples which indicates that the sample can be considered to be less stress sensitive with a 3200 Pa within the all bitumen samples.
Conclusion and recommendations
The scope of the research is to reduce the negative effects of waxes within bitumens containing various wax contents. For this purpose, modified bitumen samples were prepared by using different types of polymer additives. The values found in the study can be considered as useful parameters in determining which content of wax and type of polymer would be better for the needs of refineries in different countries. The following conclusions can be withdrawn from the extensive laboratory research.
EN 12606-1 method gives much lower values in the wax content as compared to DSC. DSC method may be recommended for determining wax content since the high temperature distillation step in EN 12606-1 method destroys the molecular structure of waxes.
According to high temperature performance test results; it can be evaluated that modifications of base bitumens containing different wax contents increases PG upper critical temperature with SBS, EVA and PE. Modification with EVA increases more the PG upper critical temperature of both Bit-TR1 and Bit-R1 than modification with SBS and PE.
The frequency sweep test results indicated that modification of bitumens containing different wax contents had an influence on the bitumen rheology. The DSR test results indicated that rutting parameter increases as the temperature decreases at both low and high frequency. Furthermore, when the frequency increases, the rutting parameter also increases. This derives from the rheological behavior of bitumen since bitumens exhibit an elastic behavior under sorter loading periods. Besides, it is found that modification of waxy bitumen and with SBS or PE resulted in improved rutting resistance performance at both low and high frequencies. Nevertheless it is also found that modification of waxy bitumen with SBS improves more the performance of the materials against rutting than modification with EVA.
The fatigue parameter test results obtained by DSR showed that the fatigue increases when the temperature decreases. Under the PAV aging condition, the temperature of bitumens of high wax content is lower than that for bitumen with low wax content at the time the stiffness value of G*.sin δ reaches 5000 kPa. Modification process with PE depicted slightly improved fatigue cracking properties of waxy bitumens compared to SBS and EVA modifications that expresses the ability of the material to resist cracking at intermediate temperatures.
In the light of findings from ZSV values, it is indicated that samples containing low amount of wax yield higher ZSV value than other base bitumen samples. This can be due to high viscosity and low wax content that give the mixture stability at service temperature. Besides all of the modified bitumen samples show a higher ZSV value than the base bitumen samples. Modification process improves the rutting resistance and the improvement is more pronounced with EVA polymer. A higher ZSV value indicates higher resistance to permanent deformation under long-term loading.
In light of findings from MSCR test results, the addition of polymer into bitumens containing different wax content depicted higher recovery and lower Jnr values at any of the stress levels. EVA modified bitumen samples exhibited the highest recovery and the lowest Jnr values in comparison within the polymer modified bitumen samples. In terms of the asphalt mixture, bitumens with lower Jnr values and/or higher recovery values will less contribute to the accumulation of unrecovered strain in the asphalt layer. Based on the rheological test results, G*⁄sinδ and ZSV values have a good correlation with the MSCR parameters.
Hence, modification process with EVA and PE can be recommended to improve rutting and fatigue cracking properties of waxy bitumens respectively.
In this study, the rheological bitumen tests have been performed on different sources bitumen samples involving different types of polymers in order to reduce negative effects of waxes. It is recommended to conduct Bending Beam Rheometer (BBR) test on polymer modified bitumen samples to evaluate their performance at lower temperatures.
